Cryopreservation of ovarian tissue has been proposed for storing gametes of young patients at high risk of premature ovarian failure. Autotransplantation has recently provided some promising results and is still the unique option to restore ovarian function from cryopreserved ovarian tissue in humans. In this article, we analyse data from the combined orthotopic and heterotopic transplantation of cryopreserved ovarian tissue that restored the ovarian function and fertility. Orthotopic transplantation of cryopreserved ovarian tissue at ovarian and peritoneal sites, together with a heterotopic transplantation at the abdominal subcutaneous site, was performed to restore the ovarian function of a 29-year-old woman previously treated with bone marrow transplantation (BMT) for Hodgkin's disease. Ovarian reserve markers progressively suppress within values 5 months after the transplantation (basal FSH 5 mUI/ml and inhibin B 119 ng/ml). Follicular development was observed at all transplantation sites but was predominant at the ovarian site. Six natural cycles were fully documented and analysed. The patient became spontaneously pregnant following the sixth cycle, but unfortunately she later miscarried. Combined orthotopic and heterotopic transplantations succeeded in the restoration of normal spontaneous cycles. Furthermore, this spontaneous pregnancy confirmed the efficiency of this procedure for restoring human fertility.
Introduction
Premature ovarian failure is one of the most common longterm adverse effects affecting young patients treated with alkylating agents and/or radiation therapy, usually for malignant diseases (Meirow, 2000) . Cryopreservation of ovarian tissue before gonadotoxic treatments is currently proposed as an experimental alternative to oocyte and embryo freezing, in the hope of restoring future fertility (Demeestere et al., 2003) . Ovarian tissue cryopreservation has the main advantage of allowing storage of a large number of gametes, and it can be rapidly performed, at any period of the cycle, without delaying the oncological treatment. This procedure is also a unique opportunity for selected prepubertal patients to store their gametes before gonadotoxic treatments (Wallace et al., 2005) . Ovarian tissue cryopreservation can also be proposed to adolescent girls with Turner's syndrome to preserve gametes before ovarian failure (Abir et al., 2001; Hreinsson et al., 2002) .
Options to restore fertility from cryopreserved ovarian tissue include follicular in vitro maturation and ovarian tissue autotransplantation. The development of in vitro culture systems to support human primordial follicular growth until the ovulatory stage will probably need some additional years because of technical difficulties and the complexity of the folliculogenesis process in humans . Live offspring resulting from primordial follicles developed entirely in vitro have been reported only in mice (Eppig and O'Brien, 1996; O'Brien et al., 2003) .
Regarding the issue of ovarian tissue transplantation, experiments in animals are encouraging. Normal young animals have been obtained after the transplantation of cryopreserved ovarian tissue or organ transplantation in mice (Candy et al., 2000) , rats (Wang et al., 2002) , rabbits (Almodin et al., 2004) and sheep (Gosden et al., 1994) . In humans, the first case of ovarian function restoration after orthotopic transplantation of cryopreserved ovarian cortex was described by Oktay in 2000 Hum. Reprod. Advance Access published April 19, 2006 (Oktay and Karlikaya, 2000) . Different surgical approaches and transplantation sites were investigated (Callejo et al., 2001; Radford et al., 2001; Leporrier et al., 2002; Kim et al., 2004; Donnez et al., 2005; Schmidt et al., 2005) . Despite those attempts, only one spontaneous pregnancy after orthotopic transplantation of cryopreserved ovarian tissue was reported so far (Donnez et al., 2004) . However, in this case, controversies emerged regarding the possibility of fertility restoration having originated from the remaining native ovary, as the author himself described spontaneous ovulation before the ovarian tissue transplantation (Oktay and Tilly, 2004) . Even if the probability of such an event was low, conclusive evidence of the feasibility of spontaneous pregnancy from such a procedure is lacking. Recently, the first pregnancy after orthotopic transplantation of ovarian tissue, oocyte collection and embryo transfer after IVF was reported (Meirow et al., 2005) . Both the spontaneous and the assisted pregnancies were obtained from cryopreserved ovarian tissue transplanted at the remaining ovarian site. However, heterotopic sites were also investigated in humans, and a transferable embryo was obtained .
Here, we analysed six fully documented spontaneous cycles in a woman after combined orthotopic and heterotopic cryopreserved ovarian tissue transplantation allowing, for the first time, the comparison of follicular activity at different sites. We also reported a second case of spontaneous pregnancy, providing further evidence of the efficiency of ovarian tissue transplantation for restoring human natural fertility.
Methods

Patient history
The patient was affected by Hodgkin's disease stage IV at age 24. In November 1999, after signed written informed consent, the right ovary was retrieved by laparoscopy for ovarian tissue cryopreservation. One adriamycine, bleomycine, vincristin, dacarbazine (ABVD) cycle was administered before the cryopreservation procedure. The patient then received five more ABVD cycles, but the disease rapidly recurred. Three cycles of etoposide, vinblastine, doxorubicine and prednisolone were administered before performing autologous bone marrow transplantation (BMT) in November 2000. The conditioning regimen for BMT included carmustine, vetoposide and cyclophosphamide. After the BMT, the patient was considered disease-free but never recovered spontaneous cycles. After 2 years of complete amenorrhoea, hormonal substitution (estradiol and Norgestrel) was started. At that time, menopausal status was already confirmed by a hormonal test (FSH 114 mUI/ml, March 2002). Four years after the BMT, she requested the ovarian tissue transplantation to achieve pregnancy. After stopping hormonal substitution, amenorrhea and hormonal status confirmed the premature ovarian failure. Three blood tests were performed before and at the time of the transplantation procedure (inhibin B <15 pg/ml, FSH 69, 33 and 128 mUI/ml in May, September and November 2004, respectively). The decision for autotransplantation was taken after multi-disciplinary assessment (gynaecologist, oncologists and psychologists), and the patient gave written informed consent. The partner's sperm analysis was normal.
Procedure
The procedure for freezing ovarian tissue was previously described (Demeestere et al., 2003) . The ovary was rapidly transported to the laboratory in Leibovitz L-15 medium (Life Technologies, Merelbeke, Belgium). The ovarian cortex was carefully dissected to obtain 40 small pieces (5 × 5 × 2 mm), which were then incubated for 30 min in the cryoprotective solution (Leibovitz medium supplemented with 1.5 M dimethylsulphoxide, 0.1 M sucrose, both provided by Sigma Aldrich, Bornem, Belgium and 10% patient's serum at 4°C). Each piece of ovarian cortex was cryopreserved in one 2-ml vial (Simport, Merck Eurolab, Leuven, Belgium), containing 1.4 ml of cryoprotectant solution. The cryopreservation procedure was performed using a programmable Planer freezer (Planner Kryo 360-3.3, Depex, Belgium). The following programme was used: started at 4°C, 2°C/min to -7°C, 10 min of soaking, then manual seeding, 0.3°C/min to -40°C, 10°C/min to -140°C and then plunged into liquid nitrogen.
Pieces of ovarian tissue were thawed on the day of the transplantation procedure following a rapid protocol: vials were placed 2 min at room temperature and then 2 min in water at 25°C. The ovarian tissue was washed stepwise for 5 min each in progressively lower concentrations of cryoprotectant solution (1.5, 1, 0.5 and 0 mol/l). Three fragments of tissue were thawed before the transplantation procedure to check for the absence of malignant cells in the tissue and to test the viability after in vitro culture.
The orthotopic transplantation procedure was performed in two steps (Donnez et al., 2005) . A first laparoscopy was performed to induce a neovascularization process at the transplantation sites. During this first laparoscopy, a window was created in the pelvic peritoneum of the ovarian fossa above the ureter. The left atrophic ovary was incised longitudinally, and a biopsy was taken to confirm the absence of remaining follicles (Figure 1 ). Tubal permeability was also controlled using blue test. A second laparoscopy was performed 1 week later, and both peritoneal and ovarian sites looked well vascularized. Eighteen fragments of ovarian tissue were thawed and rapidly transferred to the operating room in fresh Leibovitz L-15 medium. Three fragments were placed into the incision in the ovary and nine into the peritoneal pocket (Figure 1 ). Both sites were secured by one surgical point. The six last fragments were transplanted s.c. above the left abdominal incision used for the trocar. No surgical or post-surgery complications were observed.
The patient received 2 g of cefalozoline i.v. at each surgery and 100 mg per day of acetyl salicylic acid for 8 days following the transplantation procedure.
The Ethical Committee approved all the procedures. 
Results
The analysis of the first three thawed fragments confirmed the presence of primordial follicles (12 follicles/mm 2 ) and the absence of malignant cells. An increased concentration of estradiol (E 2 ) measured in the culture medium after 15, 25 and 35 days of in vitro culture of small pieces (1 × 1 × 3 mm) of thawed tissue confirmed the viability of the follicles.
Three months after the transplantation procedure, the FSH serum levels started to decrease in parallel with an increase in inhibin B levels (Figure 2 ). E 2 levels slowly rose to reach a first peak (590 pg/ml) at day 148 after transplantation associated with a first spontaneous ovulation (progesterone 4.6 ng/ml during the luteal phase), as shown in Figure 3 . During the following spontaneous cycles, the markers of ovarian reserve reached normal premenopausal values (inhibin B >50 ng/ml and FSH <10 mUI/ml, measured between days 3 and 5 of the cycles). E 2 and LH were measured at different times during the follicular phase until the LH peak, confirming spontaneous ovulation. Progesterone was measured during luteal phase. Five spontaneous ovulations and menstruations following this first one were documented. During the second cycle, the follicular phase was short (5 days) but normalized during the next four cycles (between 10 and 12 days). Normal luteal phases were observed from the second cycle onwards (13-15 days and progesterone values ranging from 9.1 to 16.8 ng/ml). Follicular development was observed at all sites. However, large follicles were predominant at the ovarian site. The follicles that developed at the subcutaneous site never reached sufficient size to be punctured at the time of ovulation (maximum 13 mm). Only one dominant follicle was observed at the peritoneal site. In August 2005, the patient had her sixth LH peak at day 11 of the cycle (E 2 410 pg/ml). Two follicles were observed by vaginal ultrasound at the ovarian site (19.5 mm and 10 mm) and one follicle at the subcutaneous site (11 mm). The endometrium measured 7.7 mm (Figure 4) . Thirteen days later, the patient reported vaginal bleeding. However, 5 days later, the blood test revealed a detectable human HCG. The ultrasound confirmed the presence of an intrauterine viable pregnancy (Figure 4) . Unfortunately, the patient experienced a miscarriage at 7 weeks of gestation because of aneuploidy. The cytogenetic analysis of the abortion product showed a 70 XXY,+10 chromosomal constitution in all cells (triploidy associated with a tetrasomy of chromosome 10).
Discussion
To our knowledge, this report is the first combined heterotopic and orthotopic cryopreserved ovarian tissue transplantation in a woman. Follicular development was observed in all transplanted sites. However, interestingly, dominant follicles developed more frequently at the ovarian site compared to the peritoneal and the subcutaneous sites. Previous studies showed that the transplantation sites and the host could influence subsequent follicular development (Hernandez-Fonseca et al., 2004) . Human xenograft experiments in mice suggested the importance of peritoneal milieu for the neovascularization process (Nisolle et al., 2000) . Our results suggest that the local environment and/or the vascularization in the ovary could favour the restoration of ovarian function from transplanted thawed ovarian tissue. However, the possibility of ovarian tissue transplantation in the remaining native ovary was limited because of the small size of the atrophic organ. In a recent study, ovarian volume of patients with premature ovarian failure following oncological treatment ranged from 0.3 to 1.3 cm 3 (Schmidt et al., 2005) . In this case, we were able to place only three pieces of tissue at the ovarian site. Considering the massive loss of the primordial follicle population by the ischaemic process after transplantation, the remaining pool of functional follicles from these three pieces is likely to be limited. So, despite the fact that peritoneal and subcutaneous sites do not seem to be optimal, they could allow an increase of the transplanted follicular population and consequently an improvement in the quality of the cycles. Six months after transplantation, basal markers of the ovarian reserve (FSH, inhibin B measured between day 3 and day 5 of natural cycles) returned to levels within normal premenopausal values. These results contrast with the persistence of elevated basal FSH values previously reported in humans and sheep after cryopreserved human ovarian tissue transplantation (Campbell et al., 2000; Donnez et al., 2004 Donnez et al., , 2005 . The difference could be explained by the young age of the patient and the large number of tissue fragments transplanted. It also confirms the efficiency of this procedure for restoring normal ovarian function. However, a short follicular phase and a high E 2 level, as reported in older women, were observed during the first cycle in our case, suggesting a restoration of the ovarian function from a limited follicular pool (van Zonneveld et al., 2003) . Other techniques, such as whole ovarian transplantation with vascular anastomosis, are now being investigated to reduce the ischaemic process and to increase the life expectancy of the ovarian graft (Arav et al., 2005) .
Our report confirms the possibility of obtaining spontaneous pregnancy after orthotopic ovarian tissue transplantation. Although there is no way of totally ruling out the fact that the pregnancy could have originated from the remaining ovary, this is extremely unlikely in our case. Indeed, the woman was previously treated with BMT for Hodgkin's disease, and the conditioning regimen for BMT induces premature ovarian failure in almost all cases (Meirow, 2000) . The amenorrhoea and hormonal status before the transplantation also confirmed premature ovarian failure. No follicles were observed in the biopsy of the remaining native ovary. Moreover, the recovery of ovarian function was observed 4-5 months after transplantation, corresponding to the physiological timing for follicular development from primordial stage (Gougeon, 2005) . Finally, follicular development was observed at all the transplant sites, which provides evidence for the restoration of ovarian function from the cryopreserved tissue.
Despite several previous attempts, only two pregnancies have been reported after transplantation of cryopreserved ovarian tissue. This report thus represents a great hope for the patients and confirms the feasibility of spontaneous pregnancy following combined heterotopic and orthotopic transplantation of cryopreserved ovarian tissue. However, regarding our patient's miscarriage, the risk of aneuploidy, which could be related to the procedure, should be considered. Previous experiments using animal models are reassuring, and no abnormalities of the offspring born after ovarian tissue transplantation have been observed so far (Baird et al., 1999; Candy et al., 2000; Salle et al., 2003; Almodin et al., 2004) . However, a recent study demonstrated abnormal cytoplasmic and nuclear maturation in the oocytes collected after xenograft of human ovarian tissue into mice (Kim et al., 2005) . The causes are not clearly identified and require further investigations.
In our clinic, 53 patients affected by neoplastic or benign diseases have undergone ovarian tissue cryopreservation since 1999. Age at diagnosis ranged from 4 to 35 years (median 21). Some of them are now cured of the initial disease and want to become pregnant, and the transplantation of cryopreserved ovarian tissue is the only procedure leading to live births in humans under these circumstances. Analysis of the hormonal status of our patient during the first six cycles supports the efficiency of the procedure for restoring normal spontaneous cycles and fertility.
This procedure must, however, still be considered experimental. Although ovarian tissue harvested from lymphoma patients may be safe for autotransplantation, this procedure cannot be proposed to patients with a high risk of reseeding cancer at the time of autotransplantation (Meirow et al., 1998; Kim et al., 2001) . For those patients, alternatives, such as transplantation of isolated primordial follicles or in vitro culture systems, must still be developed. 
